Huntington disease is a neurodegenerative disorder caused by a gene (HTT) with a unique feature of trinucleotide repeats ranging from 10 to 35 in healthy people; when expanded beyond 39 repeats, Huntington disease develops. Animal models demonstrate that HTT is vital to brain development; however, this has not been studied in humans. Moreover, evidence suggests that triplet repeat genes may have been vital in evolution of the human brain.
Here we evaluate brain structure using magnetic resonance imaging and brain function using cognitive tests in a sample of school-aged children ages 6 to 18 years old. DNA samples were processed to quantify the number of CAG repeats within HTT. We find that the number of repeats in HTT, below disease threshold, confers advantageous changes in brain structure and general intelligence (IQ): the higher the number of repeats, the greater the change in brain structure, and the higher the IQ. The pattern of structural brain changes associated with HTT is strikingly different between males and females.
HTT may confer an advantage or a disadvantage depending on the repeat length, playing a key role in either the evolution of a superior human brain or development of a uniquely human brain disease. V C 2016 Wiley
INTRODUCTION
The Huntingtin gene (HTT, OMIM 613004 ) is one of a class of genes that contain a key region of simple sequence repeats (SSRs). The number of repeats typically ranges from 10 to 35. However, when the number of repeats exceeds 39, the fatal neurodegenerative Huntington disease (HD) develops. The discovery of the gene in 1993 stimulated intense research on mutant HTT. In contrast, few studies have investigated the function of wildtype or nonmutant HTT with CAG repeats below the disease threshold (Cattaneo et al., 2005) .
Increasing evidence suggests that SSRs play a substantial role in modulating brain development and brain function by regulation of gene expression (Fondon et al., 2008) , providing a strong rationale for investigation of normal HTT function. SSRs may play a vital role in evolution (Faux, 2012; Frenkel and Trifonov, 2012; King, 2012) by causing the variability needed to enhance the changes associated with brain development (Hannan, 2010) . HTT plays a critical role in brain development (Cattaneo et al., 2005) . The high polymorphism in number of repeats below disease threshold suggests that the repeats in wild-type HTT may affect brain structure and function. Evaluation of this hypothesis could shed light not only on the role of HTT in typical development but also on the potential role that it plays in human brain evolution.
Sex commonly and substantially influences many facets of the human brain from ion channels to brain morphology (Cahill, 2014) . In particular, the dual role of natural and sexual selection in evolution supports the notion that genes important in the evolution of the human brain would be expected to have sex-specific effects. As one example, microcephaly genes may have had an important role in human brain evolution, with striking sex differences in the relationship between genotype and brain morphology (Rimol et al., 2010; Cahill and Aswad, 2015) .
In a study designed to evaluate children (ages 6-18 years) at risk for HD (having a family history of HD) compared with healthy controls, we conducted a comprehensive assessment of the effects of CAG repeat sequence lengths, below disease threshold, on human brain structure and function. Brain structure was measured using magnetic resonance imaging (MRI), and brain function was measured using a comprehensive battery of cognitive assessments in a large group of children who had CAG repeat lengths below disease threshold (15-34 repeats). Focusing on potential sex effects, we examined the relationship between repeat length in HTT and brain structure and function. Our findings show that increasing length of repeat confers advantageous changes in both brain structure and function in a sex-specific manner.
METHODS

Participants
The sample was composed of children at risk for HD, and a healthy control sample. For the children-at-risk sample, adults who had been clinically diagnosed as having HD, or tested gene positive, were asked to enroll their children or grandchildren in the age range of 6 to 18 years for participation. These families came from all over the United States. For this analysis, only at-risk children with CAG repeat lengths below disease threshold (lower than 36) were included. For the healthy control sample, children aged 6 to 18 were recruited from the local community by advertisements. Exclusion criteria for all subjects were history of a major neurologic illness or significant head trauma. The healthy control children were designed to represent a "normal, healthy, sample" and therefore were screened (by interview with a parent) for major medical or psychiatric diagnosis and excluded from participation if either one of those was present. For the children at risk for HD, there were no exclusionary criteria for major medical or psychiatric illness. The healthy control sample was added to permit generalization of the findings beyond the unique and smaller sample of kids at risk for HD. The two samples had comparable sex distribution with 49.2% (67/136) of males in the healthy control sample and 48% (36/75) in the at-risk sample. Table I displays the demographic and CAG repeat length data for both groups. A total of 211 children (108 females and 103 males) were used for this analysis. As our protocol is longitudinal, several subjects have returned for repeat assessments: in the female group, there were 27 repeat visits (23 subjects had 2 visits and 2 subjects had 3 visits), a total of 135 observations. The mean interval between visits was 22.90 months (SD 8.61 ). In the male group, there were 20 repeat visits (18 subjects had 2 visits and 1 subject had 3 visits) for a total of 123 observations. The mean interval between visits was 24.9 months (SD 9.94). Combined, the total number of assessments was 258, with data from cognitive assessments. The average age of the female sample (135 observations) was 12.5 (SD 3.6), and the average age of the male sample (123 observations) was 12.6 (SD 3.76). Parental socioeconomic status (SES) was determined by a modified Hollingshead scale (1-5, where lower numbers mean higher SES), with a mean of 2.40 (SD 0.56) for the females and 2.40 (SD 0.60) for the males. Of the 258 assessments, there were 236 in which a good-quality MRI scan was obtained. Reasons for not having an MRI scan were as follows: too much motion artifact (n 5 16), refused, or had braces (n 5 6).
Testing for gene expansion was done using genomic DNA from blood or saliva. All analyses were done through the University of Iowa Molecular Diagnostics Laboratory. Size of the CAG repeat region in exon 1 of the HTT gene on chromosome 4p16.3 was determined with PCR analysis of genomic DNA. The CAG repeat length for each subject is determined by comparing the PCR products, which are radiolabeled and separated on denaturing polyacrylamide gels, to sizing standards. By convention, the longer allele is designated as allele1 and the shorter allele as allele2. The longest allele (allele1) acts in a completely dominant fashion in both normal function (Seong et al., 2005) and within disease (Lee et al., 2013) . Therefore, all analyses were done using the CAG repeat length from the long allele. The number of CAG repeats in the females averaged 20 (range 15-30) and, for the boys, 21 (range 15-34).
MRI Scans
All MRI scans were obtained on a research-dedicated 3T Siemens Avanto. The protocol acquires multimodal scans Sex-Specific Effects of HTT on Neurodevelopmentconsisting of T1-and T2-weighted sequences. Scans were processed through an automated procedure implemented in BRAINS2 (Pierson et al., 2011) . A neural net was used to calculate subcortical structures. Cortical reconstruction was performed with FreeSurfer software version 5.1 (available at surfer. nmr.mgh.harvard.edu). Using the FreeSurfer data, cortical surface area and thickness were calculated for cortex as a whole. The weighted average for cortical thickness was calculated by taking the sum of the product of gray matter thickness and surface area and dividing by the total surface area. Brain imaging measures used included intracranial volume (ICV), cerebral cortex thickness, cerebral cortex surface area, cerebral white matter, caudate, putamen, thalamus, and cerebellum. The number of measures used was restricted to minimize multiple comparisons and type II error.
The subcortical structures of caudate, putamen, and thalamus were chosen because these are regions that are particularly affected by HTT in the context of HD.
In addition to analysis on quantitative measures, additional imaging methods were performed to provide visualization of findings and to verify quantitative results with additional methodology: FreeSurfer whole-brain cortical thickness mapping using QDec. As the analyses did not allow for a correction for multiple assessments of the same person, only one observation per subject was used. Using QDec within FreeSurfer, analyses were run evaluating the relationship between CAG repeat length (rank ordered) and cortical thickness using a general linear model controlling for age and parent SES. The color map produced shows a log10(P) where P is the significance, thresholded to show all vertices with P < 0.05.
Cognitive Measurements
General ability index (GAI) was determined by Wechsler Intelligence Scale for Children-4th Edition (Wechsler, 2004) (WISC-IV; for ages 6-16 years) and Wechsler Adult Intelligence Scale, 4th Edition (Wechsler, 2008 ) (WAIS-IV; for ages 17-18 years). The GAI is a composite of verbal and perceptual domains that was used as an estimate of global cognitive ability. In addition, prorated index scores were obtained for the verbal comprehension index (VCI) using similarities and vocabulary subtests, and for perceptual reasoning index (PRI) using block design and matrix reasoning subtests.
A battery of cognitive tests designed to assess specific areas of skill was administered. To minimize the number of comparisons, skill "domains" were constructed by identifying a group of tests that measured cognitive skill within that domain. For consistency, all scores were first transformed into z scores based on the mean of the group. For evaluation of sex differences, the z scores were based on the mean of the combined group. For the within-group analysis evaluating the effects of CAG repeat length on brain structure and function, the z scores were calculated from the mean of each group (females and males). Then, scores were transformed to ensure that a higher score indicated a better performance (by multiplying the z score times 21 for those scores in which a higher score meant poorer performance). Finally, a composite average of the z scores was calculated to determine the domain score. Tests for the Language domain included the Boston Naming Test (Kaplan et al., 1983) and the Delis-Kaplan Executive Function System (Delis et al., 2001 ) (D-KEFS), phonemic verbal fluency, and free sorting description. Tests for the Visual-Perceptual domain included the Benton Judgment of Line Orientation Test (Benton et al., 1994) and the Bender Developmental Test of Visual-Motor Integration (Brannigan, 2003) . The Executive Function domain comprised scores from the D-KEFS color word interference, verbal fluency switching, and sorting tasks, as well as the Continuous Performance Task (Conners, 2000) (omissions and commissions). Tests that constituted the Memory domain included the Wechsler spatial span (Wechsler, 1997) , the Children's Memory Scale (Cohen, 1997) (dot locations for visual memory, word lists for auditory memory), and the Color Span test (Richman and Lindgren, 1988) .
All participants signed informed consent prior to enrolling in the protocol, which was approved by the University of Iowa Institutional Review Board. Note: Table I displays the demographics of each sample (at risk and healthy control). In addition, measures are broken down by sex for the combined sample. *Parental socioeconomic status (SES) based on a modified Hollingshead scale of 1 to 5 with the higher the number, the lower the status.
Statistical Analysis Sex differences in brain structure and brain structurefunction relationships are robust and well documented. Therefore, we performed all analyses on the combined sample (males and females) as well as separately for males and females. All analyses were performed by using SAS/STAT procedures. The mixed procedure was used to run regression models while accommodating repeated visits to predict quantitative measures of brain structure, general intelligence, and skill domain scores (dependent variables) based on CAG length (independent variable). The distribution of CAG repeat number was significantly skewed to the right (Shapiro-Wilk < 0.001) and therefore was transformed to rank scores for normalization and to limit the influence of outlying CAG values. A mixed model was used to control for the correlation between repeat visits of the same individual. In addition, age and parental SES were controlled for because of their impact on growth as well as brain structure and function. As volumes and surface area are highly correlated to ICV, all volume and surface area measures analyses also controlled for ICV. Domain scores of Language, Visual-Perceptual, Executive Function, and Memory were highly correlated with GAI. Therefore, the mixed model of these measures also controlled for GAI to assess the specific effect of sex or CAG repeat length above and beyond that contributed by general intellect. A two-tailed alpha level of 0.05 was used for significance tests.
The HTT allele with the longest CAG repeat has been shown to be fully dominant in both normal function below disease threshold as well as above disease threshold. Our analysis was done using first the allele with the longest CAG repeat length; however, we repeated the analysis evaluating the effects of the shorter allele as well.
To elaborate on the significant findings, additional analyses were done to (1) calculate variance explained, (2) evaluate structure/function relationships, and (3) conduct a median split-group comparison. Estimates of the variance explained by repeat length were calculated by the R 2 multiplied by 100, expressed as a percentage. The R 2 was calculated to be the proportion of variance accounted for by the regressors in the model, calculated using the residual variance of the full model (V full ) and the residual variance of the model with no regressors (V null ) (Selya et al., 2012) :
To evaluate whether specific areas of brain structure were related to specific brain function, the same methods of mixedmodel linear regressions were conducted. This analysis was restricted only to those measures of brain structure and brain function that were significantly predicted by CAG length.
To create a visual representation of the regression analysis, each of the two samples (female and male) was split into a "High"-and a "Low"-repeat-length group based on the median repeat length of the group (median repeat length for both sexes 5 19). Only the measures shown to have a significant association with repeat length were analyzed. The z scores of each measure were calculated, and the High and Low group were compared using the mixed-model analysis accounting for repeat visits, controlling for age and parental SES. Table I displays the study participants' demographic information. The female and male samples were similar in age, repeat length, and parental SES as both groups were on average 12 years of age and had a mean CAG repeat length of 20. Histograms of the frequencies of CAG repeat length for the female and the male sample are shown in Figure 1 . For both groups, the distribution had most of the values in the low end (15-20), which then tapered off with fewer subjects filling out the rest of the range (up to 31 for females and up to 34 for the males). 
RESULTS
Effects of Repeat Length on Brain
The relationship between repeat length and measures of brain structure and function is displayed in Table  II . In the female sample, repeat length was strongly predictive of cerebral cortex thickness: the higher the number of repeats, the thicker the cortex. However, repeat length did not significantly relate to cortical surface area. Whole-brain mapping of correlations between repeat length and cortical thickness permitted investigation as to whether the effect of CAG repeat length on thickness was generalized or regionally specific. Figure 2 shows the map of these correlations for the female sample that are positive (the higher the CAG, the thicker the cortex). The effect is spread throughout the cerebrum.
Allele length was also predictive of the combined subcortical measure (sum of caudate, putamen, and thalamus), with longer repeats associated with a larger volume. When evaluating each region, all three had positive coefficients, though none reached statistical significance on its own (putamen P 5 0.051, thalamus P 5 0.054), suggesting a more generalized effect on these structures rather than an effect on one specific region.
In the female sample, repeat length significantly predicted intellect measures of GAI and the GAI subcomponent of VCI, such that longer repeat lengths were associated with higher scores (Table II) . After controlling for GAI, repeat length showed no relationship to any of the cognitive domain scores, suggesting that the effect of CAG repeat is to raise global function (IQ) but not any specific cognitive domain.
For the male sample, the pattern of findings was quite different. Longer repeats in males did not relate to cortical thickness as it did in the females. Table II shows that the estimated b value for the relationship between repeat length and cortical thickness is negative although not statistically significant. This is illustrated in Figure 2 : whole-brain mapping correlations with repeat length showed fewer relationships in the males, and when present, they were most often in the opposite direction (higher CAG repeats associated with thinner cortex).
In males, CAG repeat length was related to a unique pattern of lower putamen volumes but higher cerebellar volumes. The striatum and the cerebellum have both parallel and integrated circuits connecting to the cortex . Given this relationship, these circuits may interact in growth and development to create a balanced circuit. To investigate this possibility, a simple ratio of putamen to cerebellum volume was used to determine whether their relative structure-not individual morphology-has the strongest relationship with repeat length. The results show that the effect of CAG repeat on the ratio of putamen to cerebellum volume was much stronger (b 5 28.00 3 10 25 , SE 5 2.50 3 10 25 , P 5 0.002) than the relationship to the putamen or the cerebellum alone (see Table II ). Higher repeat lengths predict lower ratio values, which can be obtained by decreasing putamen size, increasing cerebellum size, or both.
With regard to the functional measures, repeat length did not significantly predict any functional measure in the male sample (see Table II ).
In the far right column of Table II are the results of the combined group analysis in which sex-by-CAGlength interaction was evaluated. All brain regions significantly affected by CAG repeat length also had a sexspecific significant interaction. Fig. 3 . Scatter plots detailing the relationship between the CAG repeat length and (A) general ability index (GAI), (B) cortical thickness, and (C) putamen-to-cerebellum ratio in males (blue) and females (red). The fitted lines map the effect of rank transformed CAG repeat length (corrected for age, parental social class, and individual random effect) depicted against the raw data points. The corresponding absolute value of the CAG repeats are marked on the top part of each plot.
With regard to brain function measures, there were no significant sex-by-repeat-length interactions (Table II) . Although the gene effect on general intellect measures was significant in the females, the effect of repeat length on these measures in males was also in a positive direction, but much weaker. Thus, although the effect in females is significant while the effect in males is not, the gene effect may not be restricted to females. Combining females and males, the gene effect remains significant (b 5 0.026, SE 5 0.013, P 5 0.050). Figure 3 shows scatter plots of the main findings (effects of CAG repeat on GAI, cortical thickness, and putamen/cerebellum ratio), illustrating the regression lines separately for males and females.
Median Split-Group Analysis Figure 4 displays the results of the median splitgroup analysis where the combined sample (males and females together) was split into two groups based on Fig. 4 . Results of the median split-group analysis. All measures are converted to z scores based on the mean of the group. The mixed-group regression analysis was used to compare the z scores between the High and Low groups, accounting for return visits. Additional measures controlled for included age and SES (all analyses), sex (all-subjects analysis), and intracranial volume (for subcortical volume measures). Error bars mark the standard errors. median CAG repeat length and designated as the High group and Low group. This median split was also done separately for the males and females. Measures significantly predicted by repeat length were compared across the two groups for the combined group and for each sex. In the whole sample, the High group had significantly higher GAI scores than the Low group. For the females, the High group compared with the Low group had larger cortical thickness. The subcortical volume also may be larger in the High group compared with the Low group; however, this did not reach statistical significance. In males, the High group had larger cerebellum and lower putamen/cerebellum ratio measures compared with the Low group. Table IIIA displays the relative size of the effect of the genotype as described by the percentage of variance explained. In females, the number of repeats explained 13.3% of the variance in cortical thickness. For the remaining brain regions (subcortical tissue) and the functional measures, the variance explained by repeats was less robust with repeats accounting for 5.2% of the variance in subcortical volume and 1.6% of the variance in GAI. For males, the most significant result was the putamen/ cerebellum ratio, in which length of CAG repeat accounted for 9.5% of the variance of that measure, which was much higher than the variance explained by repeats of each of the volumes of putamen (2.0%) or cerebellum (5.9%) alone.
Variance Explained
Structure and Function Relationship
Table IIIB displays the results of the structure/function analysis in which the areas of the brain that are affected by repeats are assessed to see whether they predict the functional measures affected by CAG repeat length (general intellect). For females, repeat length was related to thicker cortex. In addition, thicker cortex predicted superior measures of GAI. In males, the putamen and cerebellum volumes were not related to GAI. However, the ratio of putamen to cerebellum predicted GAI scores such that the lower the ratio, the higher the CAG.
Dominant Function of the Longest Allele
All of the analyses were repeated assessing the relationship between each measure and the repeat length of the shorter HTT allele (see Table IV ). For both males and females, the length of the shorter allele did not significantly predict any brain structure or function measure, with one exception. In females, the short allele repeat lengths predicted total gray matter volume (b 5 0.139, SE 5 0.058, P 5 0.019). This effect was the same as that seen with the longer allele, and in the same direction, though the effect with the longer allele was not as strong. Despite the one exception, a lack of findings is supportive of previous work showing that in both normal (Seong et al., 2005) and abnormal function (Lee et al., 2013) , HTT behaves in a dominant fashion.
DISCUSSION The current findings demonstrate that increasing numbers within the normal range of triplet repeats in HTT confer advantageous changes in the structure and function of the developing human brain. More repeats appear to sculpt the morphology of specific brain regions, and these structural changes directly relate to superior function.
Although nonpathogenic SSR polymorphism (repeats below disease threshold) contributes to behavior in a variety of animals (Fondon et al., 2008) , few studies have evaluated HTT repeats in the normal range. One previous study reported that higher repeat numbers were related to increased gray matter within the pallidum in a sample of MRI scans of normal subjects, though sex effects were not evaluated (Muhlau et al., 2012) . The current study is an important addition to a relatively new area of research into this particular gene, exploring its role in both normal and pathologic processes.
The notion that intelligence has a strong genetic influence has been known for nearly a century (Plomin and Deary, 2015) . In fact, general intelligence (IQ) is considered to be one of the most heritable behavioral traits in humans (Plomin et al., 2008 ). Yet today, despite the advances in technology, no studies have identified and replicated any gene, or gene variant, that significantly relates to intellect (Chabris et al., 2012) . Using a genome-wide association study (GWAS), a recent report showed gene variants related to educational attainment (a proxy for general intelligence). Yet, the effect sizes are small, with findings accounting for roughly 0.02% of the variance (Rietveld et al., 2013) . Results from the current study stand in sharp contrast as the polymorphism of repeat within the HTT gene was significantly related to general intelligence. Repeat length in our female sample accounted for approximately 1.6% of the variance. Although clearly a host of other factors are related to IQ, the effect size reported here is nearly 80 times that recently reported for the genetic-variants SNPs in a GWAS study (Rietveld et al., 2013) .
Even more robust were our findings of the effect of genotype on brain structure. In a recent study evaluating a sample of 30,717 individuals with MRI scans and DNA samples, several genetic variants were related to various structures, the strongest being the putamen (Hibar et al., 2015) . Four SNPs were significant, though with small effect sizes, accounting for an average of 0.27% of the variance in volume of the putamen. In our male sample, the effect of repeat length accounted for 2.0% of the variance in volume of the putamen, 7.4 times greater than the variance accounted for by the recent GWAS genotype findings. These findings suggest that evaluating the effects of SSRs may be an important new direction for the study of the effects of genes on the normal developing brain.
The molecular mechanism by which increasing HTT repeats could translate into variability in function may be related to subtle changes in the way HTT creates multiprotein complex formations (Cattaneo et al., 2005) . PolyQ tracts in proteins stabilize protein interactions, most likely through conformational changes facilitated by the tract (Schaefer et al., 2012) . In HTT specifically, the polyQ tract can form a flexible domain of the protein, allowing the flanking domains to come into close spatial proximity. This may provide a mechanism by which expanded CAG repeats ( > 39) would produce a "rusty hinge" and therefore be nonfunctional (Caron et al., 2013) . Extending this phenomenon, it is possible that below disease threshold, the number of repeats manifest in increasingly greater flexibility with a point of optimal intramolecular proximity, conformation, and function of the protein. Figure 5 is a representation of this concept. Caron et al. (2013) .
